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Chapter abstracts 
 
Chapter 1 
In this thesis, relative-salience hypothesis was utilized to investigate the constraint of the 
stability of various interlimb coordinated tasks in order to elucidate the influence of relative 
salience on interlimb coordination. 
 
Chapter 2 
In the Chapter 2, I examined whether the relative-salience hypothesis could predict the type of 
constraint (i.e., action coupling vs movement direction) for various bimanual coordination 
movements. Participants performed six different joint movements in synchrony with metronome 
beats. Both index finger flexion/extension and forearm pronation/supination had a “single” 
salient point (JMsingleSP), the others had “two” salient points (JMtwoSP). Then we applied the 
relative-salience hypothesis to four bimanual coordinations. The coupling of simultaneous 
forearm pronation was more stable than alternate pronation. Similarly, the coupling of finger 
flexion and forearm pronation was more stable than that of finger flexion and forearm 
supination. For the coordination of radial flexion/ulnar flexion and index finger 
flexion/extension as well as forearm pronation/supination and radial flexion/ulnar flexion, 
symmetric movements were more stable than asymmetric movements. The results indicated that 
the stability of bimanual coordination was predominantly constrained by coupling of salient 
points when using two JMsingleSP and it was predominantly constrained by movement direction 
when coordinating JMsingleSP and JMtwoSP. Thus, the relative-salience hypothesis was supported. 
 
Chapter 3 
II 
 
In the Chapter 3, I investigated whether the relative-salience hypothesis could explain the 
constraint of bimanual finger tapping coordination with different finger combinations. In 
experiment 1, participants performed unimanual two-finger tapping in two finger combinations 
with metronome beat. The extent of salience in each finger tapping was judged from the 
stability in sensorimotor coordination, and that in the order of highest to lowest was index, 
middle, and ring fingers. In experiment 2, participants performed four kinds of bimanual 
two-finger tapping without external pacing signals. Under all conditions, the more stable pattern 
occurred when timing of the more salient tapping for each hand was simultaneous rather than 
alternate independent of direction in external space or contraction timing of the homologous 
muscles. The results showed that the stability of bimanual two-finger tapping was constrained 
by the difference in extent of salience between the fingers of each hand. 
 
Chapter 4 
In the Chapter 4, I examined whether the relative-salience hypothesis could explain the 
constraint of the stability of interpersonal coordination. Participants performed four kinds of 
interpersonal two-finger tapping tasks without external pacing signals. Under all conditions, 
there was no significant difference in a main effect of the timing of salient point or movement 
direction. These results showed that there was no constraint depending on salience in 
interpersonal coordination of two finger tapping. 
 
Chapter 5 
I conclude that the stability of bimanual coordinated movement is constrained by the difference 
in the extent of relative salience in movements, which supports Mechsner’s claim that 
spontaneous interlimb coordination can be explained from psychological viewpoint. 
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Chapter 1 
General introduction 
 
1-1 Interlimb coordination 
 
“Coordination” refers to the function of combining or synchronizing movements of 
multiple body parts in order to efficiently work together (Salter et al. 2004; Nowak et al. 2017). 
Coordinated movements are produced in daily life and constitute human motor behavior, such 
as using a fork and knife. Coordinated movements could be generally performed without any 
special attention. “Interlimb coordination” refers to performing some movements using two or 
more limbs simultaneously, most typical with both hands in which the movements of left hand 
and right hand can be the same (i.e., index finger flexion of both hands) or different (i.e., index 
finger flexion of right hand and index finger extension of left hand). However, due to the 
interference between movements of limbs (i.e., the coordination of two limbs was constrained), 
some coordinated movements, such as playing musical instruments (i.e., a drum set or a piano), 
are difficult to perform without any specific training.  
In 1979, Kelso and colleagues published two papers that were the pioneering research on 
interlimb coordination (Kelso et al. 1979 a,b) and demonstrated that participants tended to 
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synchronize two-limbs movements during performing bimanual movements and this kind of 
coordination was not a simple combination of movements with a single limb (Kelso et al. 1979 
a,b). Since then, many researchers analyzed the coordination of upper limbs (Carson 2005; 
Swinnen 2002; Wiesendanger and Serrien 2004) or the coordination of the upper and lower 
limbs (Fujiyama et al. 2012; Debaere et al. 2001). In recent years, various bimanual tasks have 
been utilized to investigate the control mechanisms of interlimb coordination, and could be 
widely applied to many research fields. (1) Neurological deficits: it is difficult for patients with 
Parkinson’s disease to perform coordinated bimanual anti-phase movements and the activities of 
basal ganglia decreased when patients performed bimanual movements, which may be one 
factor to affect the ability of performing coordinated tasks in the patients (Wu et al. 2010; 
Johnson et al. 1998). (2) Motor function of the elderly: aging was usually related to behavioral 
impairment and resulting in the resting state functional connectivity was reduced in the motor 
network (Solesio-Jofre et al. 2014; Wu et al. 2007). (3) Motor learning: learning of a task would 
be transferred to other coordinated tasks which contained the same variabilities in the respective 
tasks (Snapp-Childs et al. 2015)
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1-2 Constraints in interlimb coordination 
 
We often control both hands simultaneously to complete tasks in daily life. It was observed 
that when doing coordinated movements between two limbs simultaneously, due to the factor of 
different spatio-temporal parameters, coordination was constrained and movements of two 
limbs were interfered with each other (Altschuler and Ramachandran 2006).  
 
 
 
 
Stable pattern: in-phase (symmetry)        Unstable pattern: anti-phase (asymmetry) 
Fig.1-1 Bimanual coordination: periodic simultaneous or alternate adduction with both index fingers. 
 
The spatio-temporal parameters mainly reflected in the relative phase between movements 
of two limbs and the frequency of movements. For example, subjects performed cyclic 
simultaneous or alternate adduction with both index fingers (Fig.1-1), co-contraction of 
homologous muscles would produce movements in a symmetrical mode; co-contraction of 
non-homologous muscles would produce movements in a asymmetry mode. In the aspect of 
relative phase between two limbs, two types of relatively stable bimanual coordination modes 
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are shown (Fig.1-1): (1) when the relative phase is 0º (i.e., the two limbs are in a symmetric 
mode; in-phase), the stability is highest; (2) when the relative phase is 180 º (i.e., the two limbs 
are in a parallel mode; anti-phase), the stability is lower than that at 0º. And for other relative 
phases, the stability level is much lower and the movements are practically difficult to maintain 
without specific trainings. As a research model of multi-limb coordination, periodic 
in-phase/anti-phase movements were widely studied. Yamanishi et al. (Yamanishi et al. 1979; 
Yamanishi et al. 1980) demonstrated that when the movement frequency of bimanual movement 
was gradually increased, “phase transition” occurred, in which “in-phase” and “anti-phase” are 
two important types of mode and have different stability features (Fig.1-1). The “in-phase” 
pattern requires homologous muscles activate simultaneously and the “anti-phase” pattern 
requires to non-homologous muscles activate simultaneously. When movements are in low 
frequency, two modes are both stable; however, when the frequency increases, the anti-phase 
movement will become extremely unstable and show the inclination to transit to the in-phase 
movement. As for movement frequency, the higher the frequency, the lower the stability, and it 
is easier to transit from asymmetric mode to symmetric mode. Also, if the two limbs are not 
moving at the same frequency, such as the ratio of 1:2 or 1:3, the stability of two limbs 
coordination would be less stable. When the movement frequencies of two limbs are in integer 
ratio (e.g., a rhythm of 1:1), it is more stable than when the frequencies are in a non-integer ratio 
5 
 
(e.g., a rhythm of 2:3) (Summers et al. 1993). 
There are constraints of the coordination of interlimb movements and they are broadly 
divided into two categories (Carson and Kelso 2004; Swinnen 2002; Swinnen and Wenderoth 
2004): “perceptual-cognitive constraint” and “neuromuscular constraint”, though they are not 
mutually exclusive (Mechsner et al. 2001; Muraoka et al. 2016). The “perceptual-cognitive 
constraint” is based on perception. For example, the quality of coordination is determined with 
the timing of the voluntary accentuation in the movement cycle (i.e., finger flexion was always 
accentuated in rhythmic finger movements) (Carson and Kelso 2004; Franz et al. 2001). The 
“neuromuscular constraint” is the constraints originated from neuroanatomical characteristics of 
skeletal muscle. For instance, when performing cyclic wrist flexion-extension movements of 
one limb, the corticospinal excitability of resting wrist flexors and extensors of the other limb 
was modulated so that simultaneous activations of homologous muscles are preferred (Carson et 
al. 1999b), which may contribute to higher stability of in-phase bimanual coordination. 
Some researchers held the point of view that the stability of interlimb coordination was 
constrained by both perceptual-cognitive constraint and neuromuscular constraint (Carson and 
Kelso 2004; Temporado el al. 2003; Muraoka et al. 2015; Salesse et al. 2005; Li et al. 2004). 
However, some studies showed that there was the case in which the stability of interlimb 
coordination was constrained only by neuromuscular constraint (i.e., cyclic index finger 
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flexion/extension was determined by activation timing of homologous muscles) (Riek et al. 
1992; Obhi and Haggard 2004). 
In 2001 Mechsner and his collages which published in Nature proposed the hypothesis that 
“the symmetry tendency in bimanual movements is independent of muscular and motoric 
constraints and is thus purely perceptual in nature” (Mechsner et al. 2001). For example, when 
subjects performed periodic simultaneous (i.e, in-phase mode or in the mirror direction) or 
alternate (i.e, anti-phase mode or in the parallel direction) adduction and abduction with both 
index fingers with different forearm postures, and the frequencies of oscillation was gradually 
increased, phase transition occurred from anti-phase to in-phase involuntarily and the mirror 
direction mode was much more stable than the parallel direction mode independent of hand 
position or coupling of muscles (Fig.1-2). Moreover, when bimanual circling of two invisible 
cranks, which were connected to visible flags via gear systems of different ratios, symmetric 
movements of flags were more stable compared to asymmetric ones even with a different 
movement frequency for each arm (Fig.1-3). Therefore, based on the results, Mechsner et al. 
proposed that the tendency towards perceptual, spatial symmetry in bimanual coordination, and 
bimanual coordination could be well explained from a psychological viewpoint, that is, 
bimanual coordination was organized to accomplish its perceptual goal (Mechsner et al. 
2001; Mechsner 2004a, b; Muraoka et al. 2016). 
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Fig.1-2 Instructed, synchronous finger oscillation patterns and hand positions. a, Symmetrical. b, Parallel 
movement. c,d, Congruous positions with both palms up or both palms down. e,f, Incongruous positions 
with one palm up and the other palm down. (from Mechsner’s studies, Mechsner et al. 2001) 
 
 
 
 
 
 
 
 
Fig.1-3 Instructed, synchronous circling patterns of the flags. a, Apparatus. The participants circles two 
visible flags using his or her hidden hands. The left flag moves coincidentally with the left hand whereas 
the right flag moves according to a well defined angle and/or frequency transformation with regard to the 
right hand. b, Symmetry, that is, 0º relative angle. c, Antiphase, that is, 180º relative angle. (from 
Mechsner’s studies, Mechsner et al. 2001) 
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Mechsner integrated the research in recent years and pointed out this psychological 
interpretation of voluntary movement (Mechsner 2004a). He emphasized and proposed that the 
perceptual factors should be the only factor affecting bimanual coordination movements. This 
perspective has evoked strong debates and criticisms, and the role of musculoskeletal and 
perceptual factors in the bimanual coordination and their relationship has become the focus of 
the argument. 
 
 
1-3 Relative-salience hypothesis 
 
Previous studies showed that the stability of coordinated movements using index finger 
flexion/extension was determined by activation timing of homologous muscles (i.e., coupling of 
specific muscles) (Obhi and Haggard 2004; Riek et al. 1992), and not by symmetricity (i.e., 
movement direction). Obviously, it was contrary to the conclusion from the viewpoint of 
Mechsner. 
In 2004 Mechsner set forth the relative-salience hypothesis. It was one of perceptual 
grouping principles used to explain coordinated bimanual movement (Mechsner 2004a, b). In 
the relative-salience hypothesis, when two cyclic joint movements are concurrently performed 
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bimanually, (1) the movements tend to be conceived as a stream of a unified event, and (2) if a 
“single” point in each movement is perceptually conceived as most salient (c.f. “anchoring” 
(Byblow et al. 1994; Jirsa et al. 2000; Maslovat et al. 2006; Roerdink et al. 2008)), the salient 
points of two movements prefer to go together. If two or more points in one movement are 
perceptually conceived as most salient or if there is no such salient point, other perceptual goal 
such as the symmetry of movements would determine the stability of the concurrent two 
movement streams. 
According to the relative-salience hypothesis, the results were very clear that when 
performing rhythmic coordinated bimanual movements with flexion-extension of both index 
fingers in in-phase and anti-phase modes, flexion-flexion pattern was more stable compared to 
flexion-extension pattern (Riek et al. 1992). Concretely, subjects preferred to assume periodic 
joint movement such as flexion-extension of both index fingers as a unified event, and in a 
unified event, flexion was regarded as the most salient or accentuated subevent. If so, 
flexion-flexion bias could be described by a perceptual explanation: in the coordination of 
flexion-extension of both index fingers, flexion of one hand might be preferred to be coupled 
with flexion of another hand rather than extension; it was because the sequences of the most 
salient subevents perceptually preferred to go together in all of event streams (Mechsner 2004a). 
Mechsner's point of view has aroused the argument of many researchers, among whom the 
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other researchers hold the view that his perspective is too extreme, and completely abandoning 
the neuromuscular skeletal factor is not suitable. However, some studies (Muraoka et al. 2013; 
Baldissera et al. 1982; Carson et al. 1995) showed similar results as Mechsner’s research that 
there was only one tendency to perceptual spatial symmetry in interlimb coordination. It is still 
worth exploring more on the constraints of interlimb coordination. 
 
 
1-4 Objective of this thesis 
 
In spite that the relative-salience hypothesis is seemingly reasonable, as it may explain the 
phenomenon of coordination, but never used as a predictive explanation for the coordination 
phenomenon. Thus it has been criticized as post rationalization (Beek and Peper 2004). So far, 
the relative-salience hypothesis has not been tested. Therefore, the objective of this thesis is to 
test validity of the relative-salience hypothesis by investigating the influence of relative salience 
on the interlimb coordination of bimanual and interpersonal coordination. 
In the Chapter 2, I will describe the experiments to examine if the relative-salience 
hypothesis could predict how several bimanual coordinations were constrained with 
movement direction and action coupling. In the Chapter 3, I will describe the experiments to 
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investigate whether the relative-salience hypothesis could explain the constraint of the stability 
of bimanual coordination with fingers. In the Chapter 4, I will describe the experiment to 
investigate whether the relative-salience hypothesis could explain the constraint of the stability 
of interpersonal coordination. In the Chapter 5, general discussion will be made depending on 
the results of Chapter 2-4.
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Chapter 2 
Effect of salient points in movements on the constraints in bimanual coordination 
 
2-1 Introduction 
 
Bimanual cyclic movements have been regularly utilized to investigate interlimb 
coordination. It has been repeatedly demonstrated that bimanual coordination can be easily and 
stably established when movements of the two hands are symmetrical; not only in space, but 
also as perceived (Dahm and Rieger 2016; Franz and Ramachandran 1998; Li et al. 2004; 
Nakagawa et al. 2015; Mechsner et al. 2001; Mechsner 2004a, b; Mechsner and Knoblich 2004; 
Spencer et al. 2005). For example, Mechsner et al. (2001) showed that cyclic bimanual index 
finger abduction/adduction in a symmetrical pattern was more stable than abduction/adduction 
in an asymmetrical (i.e., parallel) pattern. This effect was independent of hand position or 
coupling of the muscles employed. In another example, two invisible cranks were bimanually 
rotated in a circular motion. This system was connected to visible flags via gear systems of 
different ratios. In this system, symmetric movements of the flags were more stable as compared 
to asymmetric ones, even when there was a different movement frequency for each arm. Thus, 
Mechsner and his colleagues assert that bimanual coordination can be most efficiently explained 
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by adopting a psychological viewpoint, that is, that bimanual coordination is organized to 
accomplish its perceptual goal (Mechsner et al. 2001; Mechsner 2004a, b; Muraoka et al. 2016). 
However, it has been pointed out that the stability of coordinated movements using the 
benchmark index of finger flexion/extension results could be explained by activation timing of 
homologous muscles (i.e., coupling of specific muscles) (Obhi and Haggard 2004; Riek et al. 
1992) rather than by symmetricity (i.e., movement direction). Superficially, the movements of 
this index do seem to be constrained by neuromuscular factors such as simultaneous activation 
of homologous muscles rather than by perceptual goals (Obhi and Haggard 2004; Obhi 2004; 
Walter and Gravenhorst 2004). This viewpoint is contrary to the previously mentioned 
interpretation of Mechsner. However, the finger flexion/extension index could also be explained 
as the setting of a perceptual goal, for example, a preference for the same action in both hands. 
Regardless of whether this explanation is true or not, this kind of psychological explanation has 
been criticized as a post hoc rationalization (Beek and Peper 2004). A valid scientific 
explanation cannot be adopted unless it is able to correctly predict future, as yet unknown 
results. In the case of cyclic bimanual coordination, if the relative salience hypothesis is valid, it 
should properly predict how a previously untested bimanual coordination event is constrained. 
In other words, if an a priori explanation were able to correctly predict the stability of various 
types of bimanual coordination, the explanation should be tentatively adopted. 
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The relative-salience hypothesis of Mechsner (2004a, b) has not yet been tested in such a 
manner, though Mechsner (2004a) introduced a preliminary result that subjects showed strong 
tendency in bimanual coordination task to synchronize salient movements independent to 
relative movement direction of two limbs. In the relative-salience hypothesis, when two cyclical 
joint movements are concurrently performed bimanually, (1) the movements tend to be 
conceived as a stream involving a unified event, and (2) if a “single” point in each movement is 
perceptually conceived of as most salient (c.f. “anchoring” (Byblow et al. 1994; Jirsa et al. 
2000; Maslovat et al. 2006; Roerdink et al. 2008)), the salient points of the two movements have 
a strong tendency to go together. If two or more points in one movement are perceptually 
conceived of as the most salient, or if there is no such salient point, a different perceptual goal, 
such as the symmetry of movements, would determine a stable pattern for the concurrent two 
movement streams. 
In this Chapter, I examined whether the relative-salience hypothesis could correctly predict 
the constraint of bimanual coordination which was composed of same joint movements on both 
sides or which involved a different joint movement on each side. In the first experiment 
(Chapter 2-2), I examined the salience pattern for 6 movements (Fig. 2-1A-F). This involved 
determining whether each movement had one salient point that surpassed the other or two points 
of comparable salience. I assumed that if there were a salient point, it should occur at the 
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turn-around point of the back and forth movements (Byblow et al. 1994; Maslovat et al. 2006). 
Participants performed sensorimotor coordination of a movement and a metronome beat with 
either turn-around point on the beat. I was able to classify the 6 movements into two types, 
those with a “single” salient point (JMsingleSP) and those with “two” salient points (JMtwoSP). 
Based on these results, in the second experiment (Chapter 2-3), I applied the relative-salience 
hypothesis to four movement types that involved bimanual coordination wherein three kinds of 
unimanual movements that had been analyzed in the first experiment (Chapter 2-2) were 
combined (Fig. 2-2A-D). In the case involving bimanual coordination of two JMsingleSP 
movements, I predicted the coordination would be constrained by action coupling (i.e., 
synchronization or syncopation of salient points of movements on both sides). In the case of 
bimanual coordination of a movement with JMsingleSP and another with JMtwoSP, I predicted that 
the stability of coordination would be constrained by movement direction as shown in most of 
the previous papers that investigated interlimb coordination (Mechsner et al. 2001; Mechsner 
2004a; Kelso et al. 1991; Buchanan and Kelso 1993; Muraoka et al. 2016; Swinnen and 
Wenderoth 2004).
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2-2 Experiment 1: Sensorimotor coordination between unimanual movement and beat 
 
2-2-1 Methods 
Participants 
Fourteen adult volunteers (ten males and four females, 18-21 years old) participated in an 
experiment of sensorimotor coordination (Chapter 2-2 experiment 1). No participant had a 
history of neurological or movement deficits. They were fully informed about the purpose and 
procedures of the study and signed a written consent form. The study was approved by the 
Human Research Ethics Committee of Waseda University.  
 
Task 
The participants sat in a chair and were asked to synchronize either of the maximum (peak) 
joint angular displacements (e.g., peak flexion or peak extension) with the beat of an auditory 
metronome. Six kinds of periodic unimanual movements of the elbow (flexion/extension), 
forearm (pronation/supination), wrist (flexion/extension plus radial flexion/ulnar flexion) and 
index finger (flexion/extension plus abduction/adduction) were utilized. The participants were 
instructed to close their eyes in all trials. The pronation/supination of the forearm was 
performed around a vertical axis, and the other joint movements were performed on the 
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horizontal plane (Fig. 2-1A-F). Consequently, all joint movements in experiment 1 -- both 
phases of each periodic joint movement (e.g., extension and flexion) -- were not assisted by 
gravity (c.f., Carson et al. 2009). A plastic splint was secured, if necessary, on the dorsal and/or 
ventral surfaces of the index finger, hand or wrist in order to prevent motion at the 
interphalangeal digits or wrist joints. The joint angle of the moving limbs was recorded with an 
electrical goniometer at a 1 kHz sample rate (model SG110 and Q150, Biometrics, UK). Joint 
angular signals were converted to digital signals, electronically stored, and subsequently 
low-pass filtered with a cutoff frequency of 10 Hz. A loudspeaker, placed approximately 0.5 m 
behind the participant, presented auditory signals (250 Hz sine waves, 60 ms duration) at a rate 
that was increased from 1.75 to 3.75 Hz in steps of 0.25 Hz, every 8 s. Three pulses of 1.0 Hz 
were presented before the test pulses as a warm-up. The duration of each trial was 74 s and 
consisted of nine isofrequency plateaus.  
 
Procedure 
Participants were instructed to preserve the prescribed synchronization pattern as 
accurately as possible, and were also informed to establish the most comfortable 
synchronization pattern without movement interruption rather than to actively resist pattern 
change when they felt the synchronization pattern had deteriorated (Carson et al. 1995). 
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Participants were instructed to choose their own range of limb displacement, to set its center as 
being approximately at the center of the full range of limb displacement, and to maintain that 
range within and across trials. 
A single block of trials was performed for each joint movement. Within a block, trials 
alternated between two patterns of synchronization (e.g., flexion on the beat and extension on 
the beat). The order of synchronization presentation was counterbalanced across participants. A 
single familiarization trial for each synchronization pattern was provided prior to the 
experimental trials within each block. A total of 6 trials (3 per pattern) was performed in each 
block, giving a grand total of 36 trials excluding familiarization trials. A resting period of 30 s-1 
min was provided between each trial, and one of 2 - 5 min was provided between each block. 
The order of block presentation was randomized across participants. 
 
Data analysis 
In order to analyze the quality of the sensorimotor coordination, the relative phase between 
the metronome signal and peak joint angular displacement (Фsm) was calculated. The Фsm was 
obtained from the formula: Фsm = 360 * Pi / CISI – 360 * (i – 1). Pi represents the time, which is 
from the first beat in each isofrequency plateau, of the ith occurring peak of the joint angular 
displacement in each isofrequency plateau, and CISI is the inter-stimulus interval (i.e., 571, 500, 
19 
 
444, 400, 363, 333, 308, 286, and 267 ms). When the Фsm deviated more than 120˚ in three 
consecutive cycles, I considered the prescribed synchronization pattern to have deteriorated. 
The point of deterioration of coordination (Td) was defined to be at the first beat of such cycles. 
I adopted this relatively large threshold value because a pilot experiment showed a fluctuation 
of Фsm at around 90˚ for low frequencies but at high frequencies the subjects were able to keep 
the prescribed synchronization pattern. By adopting 120˚ as a threshold, I was better able to 
detect the time when a participant lost coordination stability.  
The difference in Td between two patterns of synchronization was tested separately for each 
joint movement by utilizing a paired t-test with the Holm-Bonferroni correction. A difference 
was considered significant if the corrected-p value was less than 0.05. Values were presented as 
means ± SD. 
 
2-2-2 Results 
Stability of sensorimotor coordination 
The Tds for six joint movements are shown in Fig. 2-1(a-f). Mean value of absolute Фsm of 
3 cycles before Td was 77˚ ± 19˚. The absolute Фsm of the cycle in which Td was obtained was 
158˚ ± 38˚, and mean value of absolute Фsm of 3 cycles after Td was 198˚ ± 54˚. Therefore, Td 
reflected an abrupt breakdown of synchronization rather than wobbling following changes in the 
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metronome signals or gradual loss of synchrony. Td was significantly greater in forearm 
pronation on the beat as compared to forearm supination on the beat (t(13) = 4.74, corrected p = 
0.002), and significantly greater for index finger flexion on the beat as compared to index finger 
extension on the beat (t(13) = 3.53, corrected p = 0.019). Therefore, both forearm 
pronation/supination and index finger flexion/extension are JMsingleSP. On the other hand, there 
was no significant difference in Td for elbow flexion/extension, wrist flexion/extension, radial 
flexion/ulnar flexion, or index finger abduction/adduction (t(13) = 1.09, 1.94, 1.40, and 0.07 
respectively, uncorrected p > 0.05 for all). Therefore, these movements are JMtwoSP. 
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Fig.2-1 A-F: Six kinds of cyclic unimanual movements in experiment 1: (A) elbow flexion /extension, 
(B) forearm pronation/supination, (C) radial flexion/ulnar flexion, (D) index finger abduction/adduction, 
(E) index finger flexion/extension, and (F) wrist flexion/extension. B is a side view and the others are top 
views. The pronation/supination of the forearm was performed around the vertical axis, and the other joint 
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movements were performed on the horizontal plane. Stars indicate joint movements with a “single” 
salient point (JMsingleSP). a-f: group data: phase transition time averaged across all participants (N=14). 
Phase transition time was significantly greater in forearm pronation on the beat compared to forearm 
supination on the beat (b), and significantly greater in index finger flexion on the beat compared to index 
finger extension on the beat (e). * represents a statistically significant difference. There was no significant 
difference in phase transition time for elbow flexion/extension (a), radial flexion/ulnar flexion (c), index 
finger abduction/adduction (d), and wrist flexion/extension (f). 
 
 
2-3 Experiment 2: Bimanual coordination without external pacing signals 
 
2-3-1 Methods 
Participants 
Eight participants from experiment 1 (Chapter 2-2) were used for experiment 2 (Chapter 
2-3) on bimanual coordination. Six new participants were added so that experiment 2 also had a 
total of fourteen participants (eleven males and three females, 18-26 years old). No participant 
had a history of neurological or movement deficits. They were fully informed about the purpose 
and procedures of the study and signed a written consent form. The study was approved by the 
Human Research Ethics Committee of Waseda University. 
 
Task 
The participants sat in a chair and were asked to perform bimanual coordination tasks 
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without external pacing signals. Four kinds of bimanual coordination task were established, 
based on the results of experiment 1 (Fig. 2-2A-D). The first task involved coordination of 
pronation/supination of both forearms, in which homologous muscles were used. Since forearm 
pronation on the beat was more stable as compared with forearm supination on the beat (Fig. 
2-1b), the first task involved coordination of JMsingleSP on both sides (Fig. 2-2A). It was expected 
that this task would be constrained by action coupling, and not by movement direction. The 
second task involved coordination of right forearm pronation/supination and left index finger 
flexion/extension. Since index finger flexion on the beat was more stable as compared with 
index finger extension on the beat (Fig. 2-1e), the second task also involved coordination of 
JMsingleSP on both sides (Fig. 2-2B). It was expected that this task would be constrained by action 
coupling. The third task involved coordination of right radial flexion/ulnar flexion and left index 
finger flexion/extension. Since there was no statistical difference in stability between radial 
flexion on the beat and ulnar flexion on the beat (Fig. 2-1c), the third task involved coordination 
of JMsingleSP and JMtwoSP (Fig. 2-2C). It was expected that this task would be constrained by 
movement direction, and not by action coupling. The fourth task involved coordination of right 
forearm pronation/supination and left radial flexion/ulnar flexion (Fig. 2-2D). This task also 
demanded the coordination of JMsingleSP and JMtwoSP, and was expected to be constrained by 
movement direction.  
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To differentiate between the influence of action coupling and movement direction on 
stability of bimanual coordination, each task was performed under two different postures (Fig. 
2-2A-D). As in experiment 1, pronation/supination of the forearm was performed around a 
vertical axis while finger and wrist movements were performed on the horizontal plane. 
Participants were instructed to close their eyes for all trials. A plastic splint was secured, if 
necessary, on the dorsal and/or ventral surfaces of the index finger, hand or wrist in order to 
prevent motion at the interphalangeal digits or wrist joints. The data acquisition system for joint 
angles was the same as in experiment 1 (Chapter 2-2).  
 
Procedure 
Instructions for the participants were the same as in experiment 1 (Chapter 2-2). Basically, 
the participants were instructed to preserve the prescribed synchronization but not to actively 
resist pattern change.  
A single block of trials was performed for each task. The tasks were composed of four 
kinds of coordinated movements (i.e., two different postures and two synchronization patterns) 
(Fig. 2-2A-D). Each trial consisted of 21 cycles of coordinated movements. Within a block, the 
order of coordinated movements was randomized. Prior to each block, a few familiarization 
trials for each coordinated movement were provided in order for the subject to become 
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accustomed to the movement frequency of 2 Hz. The experimenter checked movement 
frequency after the trials and gave instruction (e.g., move a little faster) when necessary. A total 
of 12 trials (3 each per coordinated movement) were performed for each block, giving a grand 
total of 48 trials excluding the familiarization trials. 30 s - 1 min of rest was provided between 
each trial, and 2 - 5 min of rest was provided between each block. The order of block 
presentation was randomized across participants. 
 
Data analysis 
Stability of the bimanual coordination was evaluated by utilizing the standard deviation of 
the relative phase between movements of the right and left limbs (SDФbi). The relative phase 
(Фbi) of the ith cycle was calculated by subtracting the phase angle (θ) of right limb movement 
from that of left limb movement. θ was obtained from the formula: θ = tan-1[(dx/dt)/x] where x 
refers to the joint angle after rescaling the interval [-1, 1] for each half cycle of oscillation, and 
dx/dt refers to the normalized instantaneous angular velocity (Scholz and Kelso 1989). When 
the mean Фbi in a cycle deviated more than 90˚ from the target Фbi, I considered a transition of 
movement mode to have occurred in that cycle. SDФbi was calculated for each trial utilizing 
data that were collected from the 2nd to the 21st cycle or from the cycle before the transition of 
right arm movement.  
26 
 
SDФbi was averaged for each condition and for each participant. Subsequently, data on 
SDФbi was submitted to a two-way analysis of variance (ANOVA) with repeated measures 
using action coupling (e.g., pronation-pronation vs pronation-supination) and movement 
direction (symmetry vs. asymmetry). When there was an interaction between action coupling × 
movement direction, a paired t-test with the Holm-Bonferroni correction was used to test for 
differences between SDФbi of the two action couplings for each movement direction and 
between SDФbi of the two movement directions for each action coupling. When there were 
significant main effects of both action coupling and movement direction, the difference in 
SDФbi between movement direction and action coupling was tested by a paired t-test. 
Differences were considered significant if the (corrected-) p value was less than 0.05. Values 
were presented as means ± SD. 
 
2-3-2 Results 
Stability of bimanual coordination 
Coordination of bimanual forearm pronation/supination 
Pronation-pronation coupling was more stable as compared to pronation-supination 
coupling independent of movement direction (Fig. 2-2a). Statistical analysis revealed that there 
was a significant main effect of action coupling on SDФbi (F(1,13) = 107.37, p = 0.000) and a 
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significant interaction between action coupling × movement direction (F(1,13) = 19.75, p = 
0.001). Further analysis showed that SDФbi of pronation-pronation coupling was significantly 
smaller as compared to that of pronation-supination coupling both for mirror (t(13) = 13.06, 
corrected p = 0.000) and parallel (t(13) = 4.88, corrected p = 0.001) movement directions. There 
was no significant difference in SDФbi between mirror and parallel movement directions for 
pronation - supination coupling (t(13) = 1.13, uncorrected p > 0.05), though SDФbi of 
symmetric movement was significantly smaller compared to that of asymmetric movement for 
pronation - pronation coupling (t(13) = 4.48, corrected p = 0.001). 
 
Coordination of left index finger flexion/extension and right forearm pronation/supination 
The coupling of finger flexion and forearm pronation was more stable as compared to that 
of finger flexion and forearm supination independent of movement direction (Fig. 2-2b). 
Statistical analysis revealed that there was a significant main effect of action coupling (F(1,13) 
= 10.69, p = 0.006) on SDФbi, whereas neither a main effect of movement direction nor an 
interaction between action coupling × movement direction was significant (F(1,13) = 1.21 and 
F(1,13) = 0.02, respectively, p > 0.05 for both). 
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Coordination of left index finger flexion/extension and right radial flexion/ulnar flexion 
Symmetric movement was more stable as compared to asymmetric movement, though 
action coupling also influenced coordination stability (Fig. 2-2c). Statistical analysis revealed 
that there were significant main effects of both movement direction (F(1,13) = 43.44, p = 0.000) 
and action coupling (F(1,13) = 8.06, p = 0.014) on SDФbi, whereas an interaction between 
action coupling × movement direction was not significant (F(1,13) = 0.09, p > 0.05). A paired 
t-test revealed that the difference in SDФbi between movement direction (11.9˚ ± 6.8˚) was 
significantly greater than that between action coupling (6.2˚ ± 8.2˚) (t(13) = 3.47, p = 0.004). 
 
Coordination of left radial flexion/ulnar flexion and right forearm pronation/supination 
Symmetric movement was more stable as compared to asymmetric movement independent 
of action coupling (Fig. 2-2d). Statistical analysis revealed that there was a significant main 
effect of movement direction (F(1,13) = 12.14, p = 0.004) on SDФbi, whereas neither a main 
effect of action coupling nor an interaction between action coupling × movement direction was 
significant (F(1,13) = 0.02 and F(1,13) = 4.46, respectively, p > 0.05 for both).
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Fig.2-2 A-D: The four kinds of bimanual coordination tasks of experiment 2 (top view): (A) coordination 
of pronation/supination of both forearms, (B) coordination of right forearm pronation/supination and left 
index finger flexion/extension, (C) coordination of right radial flexion/ulnar flexion and left index finger 
flexion/extension, and (D) coordination of right forearm pronation/supination and left radial flexion/ulnar 
flexion. Each task was performed with different two postures (A and B: right forearm upward/downward, 
C: right palm up/down, D: left palm up/down). The pronation/supination of the forearm was performed 
around the vertical axis, and finger and wrist movements were performed on the horizontal plane. a-d: 
group data: standard deviation of relative phase (SDФbi) averaged across all participants (N=14). (a) 
pronation/supination of both forearms: SDФbi of pronation-pronation coupling was significantly smaller 
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compared to that of pronation-supination coupling both for mirror and parallel movement directions. 
There was no significant difference on SDФbi between symmetric and asymmetric movement directions 
for pronation - supination coupling, though SDФbi of symmetric movement was significantly smaller 
compared to that of asymmetric movement for pronation - pronation coupling. (b) right forearm 
pronation/supination and left index finger flexion/extension: SDФbi of flexion-pronation coupling was 
significantly smaller compared to that of flexion-supination coupling both for mirror and parallel 
movement directions. (c) right radial flexion/ulnar flexion and left index finger flexion/extension: there 
were significant main effects of both movement direction and action coupling on SDФbi. (d) right forearm 
pronation/supination and left radial flexion/ulnar flexion: there was a significant main effect of movement 
direction on SDФbi. * represents a statistically significant main effect of action coupling. § represents a 
statistically significant main effect of movement direction. † represents a statistically significant 
difference between the points indicated. 
 
 
2-4 Discussion 
 
The fundamental goal of this study was to test the ability of the relative-salience hypothesis 
to correctly predict the type of constraint for bimanual coordination of various types of 
movements. In experiment 1 (Chapter 2-2), I utilized six kinds of periodic unimanual 
movements with different turn-around points on the beat. I found that index finger 
flexion/extension and forearm pronation/supination had a “single” salient point (JMsingleSP), 
while the others had “two” salient points (JMtwoSP). In experiment 2 (Chapter 2-3), I examined 
four bimanual types of movement coordination wherein three kinds of unimanual movements 
that had been analyzed in the first experiment were combined. In the case of bimanual 
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coordination using two JMsingleSP movements, the stability of coordination was predominantly 
constrained by coincidence of the salient points (i.e., preference for a particular action coupling) 
irrespective of movement direction, although there was a small influence of movement direction 
on the coordination of bimanual forearm pronation/supination. However, in the case of 
bimanual coordination using JMsingleSP and JMtwoSP, the stability of coordination was 
predominantly constrained by movement direction (i.e., preference of symmetrical movement), 
though a particular movement coupling had a weaker influence on coordination stability for the 
coordination of index finger flexion/extension and radial flexion/ulnar flexion. Therefore, the 
present results demonstrate that the relative-salience hypothesis can predict bimanual 
coordination stability. 
Index finger flexion on the beat was more stable than extension on the beat (Fig. 2-1e), 
which agrees with the results of previous studies (Carson 1996; Carson and Kelso 2004; Carson 
and Riek 1998). Similarly, forearm pronation on the beat was more stable as compared to 
forearm supination on the beat (Fig. 2-1b), which is also in agreement with a previous studies 
results (Byblow et al. 1994). Therefore, both index finger flexion/extension and forearm 
pronation/supination were considered as JMsingleSP. In terms of timing control, it is plausible that 
these movements involving JMsingleSP are similar to tapping (i.e., a task with event timing) rather 
than continuous circle drawing (i.e., a task with emergent timing) (Ivry et al. 2002; Zelaznik and 
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Rosenbaum 2010). For the other four joint movements used in experiment 1, there was no such 
difference in stability (Figs.2-1a, 2-1c, 2-1d and 2-1f). Thus, they were considered as JMtwoSP. A 
potential mechanism for classifying JMsingleSP and JMtwoSP was provided by Carson and his 
colleagues (Carson 1996; Carson et al. 1999a; Carson et al. 2009). Based on results from 
experiments using index finger flexion/extension or wrist flexion/extension, they suggested that 
the central nervous system preferentially adopted a strategy that minimized the timing error in a 
sensorimotor coordination by accentuating the movement phase with the lowest force 
requirements. The lower a force requirement, the less the noise that is included in a motor 
command (Harris and Wolpert 1998). For example, when the forearm was on an armrest with 
the palm down, wrist flexion on the beat was a more stable as compared with wrist extension on 
the beat because wrist flexion was assisted by gravity. If hand position was changed from palm 
down to palm up, wrist extension on the beat was more stable as compared with wrist flexion on 
the beat (Carson et al. 2009). In the present experiments, I used limb postures in which both 
phases of movement (e.g., extension and flexion) were equally affected by gravity because 
movements were performed either on the horizontal plane or around a vertical axis. Thus, in our 
tasks, passive joint moment due to deformation of muscles across joint and connective tissues 
surrounding joint such as skin, ligaments, and joint capsule affects the force requirements for 
joint movement. The fundamental purpose of the present study was not to examine what factor 
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caused the difference between JMsingleSP and JMtwoSP in a sensorimotor coordination, but to test 
the relative salience hypothesis in bimanual coordination. While it is beyond our scope to detail 
force requirements for the six joint movements adopted in the present study based on the 
relationship between passive joint moment and joint angle, it could prove useful to make a 
rough estimation for the passive joint moments. When assuming the posture adopted for each 
movement in the present study, there may be relaxing muscles across the target joint. This may 
lead to the following tendencies for joint movement around the center of the full range of joint 
displacement: (1) The index finger extension requires more effort (i.e., a more active joint 
moment to counter the passive joint moment) as compared to index finger flexion. (2) The 
forearm supination requires more effort as compared to forearm pronation. (3) Index finger 
abduction and adduction, wrist extension and flexion, elbow extension and flexion, as well as 
radial flexion and ulnar flexion all require similar, small efforts. Therefore, it is speculated that a 
criterion for classification between JMsingleSP and JMtwoSP is related to the above mentioned 
strategy of by Carson and his colleagues (Carson 1996; Carson et al. 1999a; Carson et al. 2009).  
Many studies have shown that multilimb coordination is biased towards symmetry on the 
horizontal plane and same direction in the sagittal plane (Baldissera et al. 1982; Carson et al. 
1995; Li et al. 2004; Mechsner et al. 2001; Mechsner 2004a; Muraoka et al. 2013; Nakagawa et 
al. 2013, 2015). Mechsner and colleagues concluded from experiments using bimanual tasks 
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that "voluntary movements are organized by way of a representation of the perceptual goals 
(Mechsner et al. 2001)." However, they did not show perceptual goals except for the symmetry 
in space of bimanual coordinated movements, though Mechsner (2004a) introduced a 
preliminary result that subjects showed strong tendency of simultaneous occurrence of two 
salient events (index finger flexion and contralateral arm movement in the direction of an 
red-head-arrow held by contralateral hand) independent of relative movement direction of two 
limbs. This led to the criticism that their conceptualization of perceptual goals involved a post 
hoc rationalization (Beek and Peper 2004; Muraoka et al. 2016). As an argument against the 
results that bimanual cyclical extension-flexion of index finger was stable when flexing both 
index fingers at the same time irrespective of movement direction in space, a perceptual goal 
could be set that participants conceived of index finger flexion as a more salient movement 
phase when compared to index finger extension. The subjects thus performed bimanual index 
finger coordination with a perceptual goal of synchronization of salient movement phase of both 
fingers (Mechsner 2004a). Although this explanation is plausible, it is indeed a post hoc 
rationalization and as such needs to be subjected to rigorous scientific examination. Previous to 
this study, the following questions remained: 1) what kind of cyclical joint movement possesses 
differences in the extent of salience to the same degree that index finger flexion/extension does; 
what kinds of cyclical movements do not have such differences. 2) whether the most stable 
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coordination pattern is the synchronization of the single most salient movement phase for each 
limb when performing bimanual coordination with two different joint movements, 3) whether a 
perceptual goal for bimanual coordination, in which either or both cyclical limb movements do 
not have a single most salient movement phase, give priority to direction in space (e.g., 
symmetry).  
The results of experiment 1 (Chapter 2-2, Fig.2-1) answered the question 1. Based on these 
results I conducted experiment 2 (Chapter 2-3) in order to answer questions 2 and 3. 
When using forearm pronation/supination for both arms, simultaneous pronation was more 
stable than the alternate pronation of both arms (Fig. 2-2a). This is in line with the results 
obtained when using index finger flexion/extension for both arms (Riek et al. 1992), though 
there was a small influence of movement direction when performing the same action on both 
sides. When using different joint movements for each arm (i.e., right forearm 
pronation/supination and left index finger flexion/extension) (Fig. 2-2b), it was clearly shown 
that synchrony of the most salient movement phase of each arm resulted in a more stable 
coordination. This study entails a novel demonstration that the relative-salience hypothesis can 
be applied to coordination involving different joint movements. However, when combining 
either index finger flexion/extension or forearm pronation/supination with radial flexion/ulnar 
flexion, coordination stability was predominantly determined by spatial symmetry (Fig. 2-2c 
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and 2-2d). This supports our hypothesis. Although the present results also showed the influence 
of a particular movement coupling on stability involving the coordination of index finger 
flexion/extension and radial flexion/ulnar flexion (Fig. 2-2c), this effect was smaller than the 
influence of movement direction. The results of experiment 1 showed that ulnar flexion on the 
beat tended to be more stable as compared to radial flexion on the beat (Fig. 2-1c). Assuming 
that the extent of salience is slightly higher for ulnar flexion than for radial flexion, timing of 
the salient point can explain the results which indicated that the simultaneous movement of 
ulnar flexion and finger flexion was slightly stable compared to the alternate movement. 
Therefore, the present results demonstrate that a perceptual goal of bimanual coordination is 
formulated in accordance with the relative-salience hypothesis. The data support the a priori 
predictions that emanated from the relative-salience hypothesis and its description of the 
stability of bimanual coordination in terms of the perceptual goal. 
In fact, some studies using visual feedback (Kovacs et al. 2009; Wishart et al. 2002; 
Pauwels et al. 2015; Wang et al. 2013) showed that bimanual coordination is stabilized for an 
explicitly invented perceptual goal. However, those studies produced data which are 
fundamentally similar to the result in the third experiment of Mechsner et al. (2001) (see 
Introduction of the present study) and thus they were unable to provide a priori explanation for 
the stability of bimanual coordination with a certain coupling of joint movements as was done in 
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experiment 2 of our study (Chapter 2-3). 
The present study demonstrated that the relative-salience hypothesis could predict the 
constraint of a certain bimanual coordination composed of the same joint movements on both 
sides or of a different joint movement on each side. In the bimanual coordination, when using 
JMsingleSP on both sides, the stability of coordination was constrained by action coupling (i.e., 
synchronization or syncopation of salient points of movements on both sides); when using 
JMsingleSP and JMtwoSP, the stability of coordination was constrained by movement direction. The 
a priori predictions of our study for bimanual coordination from the psychological viewpoint 
were supported and corroborate Mechsner's (Mechsner et al. 2001) claim that "voluntary 
movements are, in general, organized by way of a simple representation of the perceptual 
goals."  
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Chapter 3 
Stability of bimanual finger coordination is constrained by salient phases 
 
3-1 Introduction 
 
Many types of bimanual coordination are more stable in the symmetrical patterns than the 
asymmetrical patterns irrespective of forearm posture (Mechsner et al. 2001; Mechsner 2004a; 
Kelso et al. 1991; Swinnen and Wenderoth 2004; Buchanan and Kelso 1993; Muraoka et al. 
2016). For example, it has been reported that when performing periodic abduction/adduction of 
both index fingers, the symmetrical pattern was much more stable compared to the 
asymmetrical pattern (i.e., parallel) irrespective of the hand position or coupling of the muscles 
(Mechsner et al. 2001). Thus, Mechsner and his colleagues set the hypothesis that bimanual 
coordination can be most efficiently explained by adopting a psychological viewpoint, that is, 
that bimanual coordination is organized to accomplish its perceptual goal (Mechsner et al. 2001; 
Mechsner 2004a, b; Muraoka et al. 2016). 
Rhythmic finger tapping movements have been used as an experimental paradigm to 
investigate various control mechanisms of bimanual coordination (Aoki et al. 2003; Yamanishi 
et al. 1979). However, previous study (Riek and Woolley 2005) showed that in rhythmic finger 
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tapping (i.e., flexion) movements with congruent or incongruent hand postures (e.g., both hands 
were palm down or one hand was palm down with the other hand was palm up): (1) when both 
hands were palm down on the horizontal plane, the symmetrical patterns (e.g., co-activation of 
homologous muscles in congruent fingers for both hands) dominated over the asymmetrical 
ones (e.g., co-activation of non-homologous muscles in congruent fingers for both hands); (2) 
when one hand was palm down with the other hand was palm up, the asymmetrical patterns 
become dominant over the symmetrical patterns. At a glance, this result was contrary to the 
above-mentioned interpretation of bimanual coordination (i.e., the study of Mechsner) 
(Mechsner et al. 2001). This is unexpected and still unclear why bimanual two-finger tapping is 
an exception. 
Mechsner set forth the relative-salience hypothesis (2004a, b) to explain the stability of 
bimanual coordination. In the relative-salience hypothesis, when two cyclical bimanual 
movements are concurrently performed, if a “single” point in each movement is perceptually 
conceived of as most salient (c.f. “anchoring” (Byblow et al. 1994; Jirsa et al. 2000; Maslovat et 
al. 2006; Roerdink et al. 2008)), the salient points of the two movements have a strong tendency 
to go together. Otherwise, other perceptual goals such as symmetry were preferred in concurrent 
two movements. 
In this Chapter, I examined whether the stability of bimanual two-finger tapping could be 
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explained with the relative-salience hypothesis. In the first experiment (Chapter 3-2), 
participants did alternate tapping of two fingers of one hand following the beat of an auditory 
metronome. The difference in salience between unimanual two-finger tapping under different 
combinations of fingers was evaluated by assessing the stability of the movements. In the 
second experiment (Chapter 3-3), based on the results of the first experiment, I tested the 
relative-salience hypothesis utilizing four kinds of bimanual two-finger tapping coordinations 
without external pacing signals. I hypothesized that the stability of bimanual two-finger tapping 
would be constrained by the salience between the fingers of each hand (i.e., timing of the salient 
point for each hand).
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3-2 Experiment 1: Sensorimotor coordination between unimanual two-finger tapping and 
beat 
 
3-2-1 Methods 
Participants 
Twelve right handed participants (seven males and five females, aged 20-29) with no 
history of neuromuscular disorder or movement deficits, volunteered to participate in this 
experiment of sensorimotor coordination. Before the experiment, all participants were fully 
informed about the purpose and procedure of the study, and signed a written consent form. The 
experimental procedure was approved by the Human Research Ethics Committee of Waseda 
University. 
 
Task 
Participants sat comfortably in front of a table and either of forearms was supported in a 
prone position resting on the table. They were requested to perform unimanual two-finger 
tapping alternately in time with the beat of an auditory metronome. Two kinds of finger 
combinations were utilized for both hands: (1) index (I) and middle (M) fingers, and (2) middle 
(M) and ring (R) fingers (Fig.3-1). Participants were allowed to watch their moving fingers. A 
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plastic splint was secured, if necessary, on the dorsal of the wrist in order to prevent motion at 
the wrist joints. The tapping time of each finger was obtained at 1 kHz sampling rate via a touch 
sensor module (model AD00002, Assembly Desk, Japan) and data were recorded on a computer. 
Finger tapping signals were converted to digital signals, electronically stored, and subsequently 
low-pass filtered with a cutoff frequency of 10 Hz. The beat rate was gradually increased from 
1.5 to 3.5 Hz in steps of 0.25 Hz. The duration of each single frequency plateau is 8s. Before the 
test pulses, three pulses at 1.0 Hz as warm-up were presented. Each trial consisted of nine 
isofrequency periods and lasted for 74s in total.  
 
Procedure 
Trials were performed for each finger combination and alternated between two modes of 
synchronization (e.g., for the combination of index and middle fingers, index finger tapping 
“on” the beat with middle finger tapping “off” the beat, or index finger tapping “off” the 
beat with middle finger tapping “on” the beat) (Fig.3-2). For each trial, participants were 
informed to keep the required synchronization patterns as accurately as possible. When they felt 
the pattern had deteriorated, they were instructed not to take the initiative against the 
deterioration, but rather to establish the most comfortable pattern of synchronization. Before test 
trials, a single familiarization trial for each synchronization pattern was provided. Participants 
43
?
?????????? ????????????? ??? ????? ??????? ???????????? ?? ?????? ???? ????? ????? ??? ?????????????
??????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????
?
?
?
?
?
?
???????????????????????????????????????????????????????????????????????????????????????????????????????
??? ?????? ?????? ??????????? ???? ????? ??????????? ?????? ?????? ???? ?????? ??????????? ??????????? ????? ?????? ????
?????????????????????????????????????? ?
?
?
?
?
?
?
?
?????????????????? ??????????? ????????????????????????????????????????????????? ???? ??????? ???????????
????????????? ?????????????????????????????????????????????
?
44 
 
Data analysis 
The relative phase (Фuni) between the time of finger tapping on the beat and the metronome 
signal was calculated by the formula: Фuni = ΔT / IBI * 360 deg, so as to evaluate the quality of 
the sensorimotor coordination. In this formula, ΔT represents the time difference between the 
finger tapping that should be “on” the beat and the metronome beat, and IBI represents the 
inter-beat interval. Phase transition was defined to occur when the relative phase was deviated 
more than 120º in three consecutive cycles. The time of phase transition was defined as the time 
of the first beat of those cycles. Some participants showed the relative phase around 90º at lower 
frequency but they could keep the prescribed synchronization pattern at higher frequency. Thus, 
I utilized 120º as a threshold so that I could detect precisely the time when participants lost the 
stability of coordination. The difference in phase transition time between two patterns of 
synchronization was tested separately for each finger combination by utilizing a paired t-test 
with Holm-Bonferroni correction. The difference was considered significant if the (corrected-) p 
value was less than 0.05. Values were presented as means ± SD.
45
?
??????????????
???????????????? ????????????????????????? ????????
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????? ????? ???? ???? ?????? ?????? ???????????? ???????? ???????? ??? ???? ??????? ???????? ??? ???? ?????? ????
??????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????
?
46 
 
Fig.3-3 showed an example of pressure recordings in unimanual tapping movement and 
relative phase (Fig.3-3a and Fig.3-3b), and an example of phase transition: a part of original 
data of finger tapping on the beat and the relative phase showed the time when phase transition 
occurred (Fig.3-3c and Fig.3-3d). The phase transition time for each fingers combination are 
shown in Fig.3-4 (right hand) and Fig.3-5 (left hand). The phase transition time was 
significantly greater for the index finger tapping on the beat compared to the middle finger 
tapping on the beat (right index and middle fingers: t(11) = 3.31, corrected p = 0.02 (Fig. 3-4a); 
left index and middle fingers: t(11) = 3.80, corrected p = 0.01 (Fig. 3-5a)), and significantly 
greater middle finger tapping on the beat compared to ring finger tapping on the beat for both 
hands (right middle and ring fingers: t(11) = 2.69, corrected p = 0.02 (Fig. 3-4b); left middle and 
ring fingers: t(11) = 2.77, corrected p = 0.04 (Fig. 3-5b)). Therefore, the extent of salience in 
finger tapping was the highest in the index finger and the lowest in the ring finger for both right 
and left hands.
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3-3 Experiment 2: Bimanual two-finger tapping coordination without external pacing 
signals 
 
3-3-1 Methods 
Participants 
Ten participants from the first experiment participated in the experiment of bimanual finger 
tapping coordination. One new participant was added so that there were eleven participants in 
the second experiment (eight males and three females, 20-29 years). They all had no history of 
neuromuscular disorder or movement deficits. Before the experiment, all participants were fully 
informed about the purpose and procedure of the study, and signed a written consent form. The 
experimental procedure was approved by the Human Research Ethics Committee of Waseda 
University. 
 
Task 
Participants sat comfortably in front of a table and were instructed to perform bimanual 
two-finger tapping tasks without external pacing signals. Four kinds of bimanual finger 
coordination tasks were established as follows depended on the results of the first experiment 
(Fig. 3-6): (1) index (I) and middle (M) fingers of both hands (MI&IM) (Fig. 3-6A), (2) middle 
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and ring (R) fingers of both hands (RM&MR) (Fig. 3-6B), (3) left ring and middle fingers and 
right index and middle fingers (RM&IM) (Fig. 3-6C) and (4) left middle and index fingers and 
right middle and ring fingers (MI&MR) (Fig. 3-6D). The first and second tasks were the 
coordination in which homologous muscles were used. The third and fourth tasks were the 
coordination in which non-homologous muscles were used.  
Participants performed two modes of coordination (mirror and parallel) with either a 
pronated or supinated right forearm (Fig.3-7) so as to identify the effect of timing of salient 
point on the stability of bimanual finger coordination. Participants were allowed to watch their 
moving fingers. The tapping time of each finger was measured by a touch sensor module (model 
S200, Load Sensor, UK) and the data acquisition system for finger tapping times was the same 
as in experiment 1 (Chapter 3-2).
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Procedure 
Instructions for the participants were the same as in experiment 1 (Chapter 3-2). Basically, 
the participants were instructed to preserve the prescribed synchronization but not to actively 
resist pattern change (Fig.3-8). 
Each task included four kinds of coordination movements (i.e., two different right arm 
postures and two patterns of synchronization) (Fig. 3-6A-D). A few familiarization trials for 
each coordinated movement were provided so that participants could know the frequency of 
movement at 2 Hz. The experimenter needed to check the movement frequency after each trail 
and if necessary gave instruction to participant (e.g., move a little slower or faster). Each trial 
consisted of 21 cycles (i.e., 21 taps for each finger) and participants performed each trial 3 times 
with a randomized order. 30-60s of rest was provided between trials. 
 
Data analysis 
The stability of bimanual two-finger tapping coordination was evaluated by utilizing the 
standard deviation of relative phase between the movements of right and left fingers (SDФbi). 
The relative phase (Фbi) was calculated using the data on the difference of tapping onset of right 
hand and left hand and the tapping time of right hand was regarded as the benchmark. When the 
Фbi in a cycle deviated more than 90º from the prescribed relative phase, I considered the phase 
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Coordination of index and middle fingers of both hands 
The simultaneous tappings of both index fingers was more stable compared to alternate 
tappings regardless of movement direction (Fig. 3-10a). Statistical analysis revealed that there 
was a significant main effect of the timing of salient point on SDФbi (F(1,10) = 10.00, P =0.01). 
Conversely, there was no significant difference in either a main effect of movement direction or 
an interaction between the timing of salient point × movement direction (F(1,10) = 0.40 and 
F(1,10) = 0.01, respectively, p > 0.05 for both). 
 
Coordination of middle and ring fingers of both hands 
The simultaneous tappings of both middle fingers was more stable compared to alternate 
tappings regardless of movement direction (Fig. 3-10b). Statistical analysis revealed that there 
was a significant main effect of the timing of salient point on SDФbi (F(1,10) = 7.12, P =0.02). 
Conversely, there was no significant difference in either a main effect of movement direction or 
an interaction between the timing of salient point × movement direction (F(1,10) = 0.20 and 
F(1,10) = 2.45, respectively, p > 0.05 for both). 
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Coordination of left ring and middle fingers, and right index and middle fingers 
The simultaneous tappings of left middle and right index fingers was more stable compared 
to alternate tappings regardless of movement direction (Fig. 3-10c). Statistical analysis revealed 
that there was a significant main effect of the timing of salient point on SDФbi (F(1,10) = 19.07, 
P =0.001). Conversely, there was no significant difference in either a main effect of movement 
direction or an interaction between the timing of salient point × movement direction (F(1,10) = 
1.03 and F(1,10) = 0.02, respectively, p > 0.05 for both). 
 
Coordination of left middle and index fingers, and right middle and ring fingers 
The simultaneous tappings of left index and right middle fingers was more stable compared 
to alternate tappings regardless of movement direction (Fig. 3-10d). Statistical analysis revealed 
that there was a significant main effect of the timing of salient point on SDФbi (F(1,10) = 22.80, 
P =0.001). Conversely, there was no significant difference in either a main effect of movement 
direction or an interaction between the timing of salient point × movement direction (F(1,10) = 
0.08 and F(1,10) = 4.67, respectively, p > 0.05 for both).
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participants (N=11). (a) Index and middle fingers of both hands: SDФbi of index finger of both hands 
tapping simultaneously was significantly smaller compared to that index finger of both hands tapping 
alternately for both mirror and parallel movement directions. (b) Middle and ring fingers of both hands: 
SDФbi of middle finger of both hands tapping simultaneously was significantly smaller compared to that 
middle finger of both hands tapping alternately for both mirror and parallel movement directions. (c) Left 
ring and middle fingers, and right index and middle fingers: SDФbi of left middle finger and right index 
finger tapping simultaneously was significantly smaller compared to that left middle finger and right 
index finger tapping alternately for both mirror and parallel movement directions. (d) Left middle and 
index fingers, and right middle and ring fingers: SDФbi of left index finger and right middle finger 
tapping simultaneously was significantly smaller compared to that left index finger and right middle 
finger tapping alternately for both mirror and parallel movement directions. *p < 0.05, significance in 
main effect 
 
 
3-4 Discussion 
 
The fundamental goal of this chapter was to examine whether the stability of bimanual 
two-finger tapping could be explained by the relative-salience hypothesis. In experiment 1, I 
utilized unimanual two-finger tapping movements of different finger combinations, in which the 
peak flexion or extension was synchronized with the beat of an auditory metronome. The results 
showed that the extent of salience in each finger tapping in the order of the highest to the lowest 
was the index, middle, and ring fingers. In experiment 2, I compared four kinds of bimanual 
two-finger tappings without external pacing signals. Under all conditions, the more stable 
pattern occurred when timing of the more salient tapping for each hand was simultaneous 
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compared to the pattern when the timing was alternate, independent of movement direction in 
the external space (i.e., mirror or parallel) or contraction timing of the homologous muscles (i.e., 
simultaneous or alternate contraction of homologous muscles). These results indicated that the 
stability of bimanual two-finger tapping was constrained by timing of the most salient 
movement in each hand. As predicted by the relative-salience hypothesis, the hypothesis of this 
study was confirmed. 
In the coordination of unimanual two-finger tapping, index finger tapping on the beat was 
more stable than middle finger tapping on the beat in the finger combination of index and 
middle fingers (Fig. 3-4a and Fig. 3-5a), and middle finger tapping on the beat was more stable 
than ring finger tapping on the beat in the finger combination of middle and ring fingers (Fig. 
3-4b and Fig. 3-5b). The result indicated that the extent of salience in finger tapping in the order 
of the highest to the lowest was index, middle, and ring fingers. It was consistent with the 
previous studies showing that index finger was the easiest finger to control, followed by middle 
finger and ring finger (most difficult), respectively (Aoki et al. 2003, Riek and Woolley 2005, 
Hager-Ross and Schieber 2000). Furthermore, finger tapping movement is usually performed 
with finger flexion (Muraoka et al. 2016). When performing unimanual two-finger alternate 
tapping (i.e., for the combination of index and middle fingers, index finger tapping on the beat 
with middle finger tapping off the beat, or index finger tapping off the beat with middle finger 
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tapping on the beat). The performance of sensorimotor coordination is more stable when the 
force requirements are relatively lower (Carroll et al. 2001; Carson and Riek 1998). The force 
needed for a joint movement depends on the passive joint torque which is produced by the 
contraction of muscles. In this regard, it has been also reported that movements of index finger 
show more highly independent compared to movements of middle and ring fingers (Aoki et al. 
2003). Thus, the differences in stability among fingers would be related to the differences in 
anatomical and physiological factors, such as biomechanical connections among fingers, 
differences in the ability of functional organization of finger muscles, and central input 
differences in the innervation of spinal motoneurons (Hager-Ross and Schieber 2000). 
Previous studies provided evidence that many kinds of bimanual coordination were stable 
in symmetry pattern irrespective of posture (Mechsner et al. 2001; Mechsner 2004a; Kelso et al. 
1991; Buchanan and Kelso 1993; Muraoka et al. 2016; Swinnen and Wenderoth 2004). 
Mechsner and his colleagues concluded that there was a bias towards perceptual, spatial 
symmetry in the bimanual coordination (Mechsner et al. 2001). However, Riek and Woolley 
(2005) showed that in rhythmic finger tapping movements, the symmetrical patterns dominated 
over the asymmetrical ones when both hands were pronated, but when one hand was supinated, 
the asymmetrical patterns become dominant over the symmetrical patterns. However, many 
kinds of bimanual coordination were stable in symmetry pattern irrespective of posture 
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(Mechsner et al. 2001; Mechsner 2004a; Kelso et al. 1991; Buchanan and Kelso 1993; Muraoka 
et al. 2016; Swinnen and Wenderoth 2004), bimanual finger tapping coordination was an 
exception and still unclear why this situation occurred. Next, based on the results of experiment 
1 (Chapter 3-2, Fig. 3-4, Fig. 3-5), I conducted experiment 2 to explain the exception (Chapter 
3-3, Fig. 3-6). 
When performing bimanual two-finger tapping movements with index and middle fingers 
for both hands, simultaneous index finger tapping was more stable compared to alternate index 
finger tapping of both hands (Fig. 3-10a). Also, when performing bimanual tapping movements 
with middle and ring fingers for both hands, simultaneous middle finger tapping was more 
stable compared to alternate middle finger tapping of both hands (Fig. 3-10b). Furthermore, the 
same results occurred in the different finger combination for each hand (i.e., left ring and middle 
fingers, and right index and middle fingers or left index and middle fingers, and right middle 
and ring fingers) (Fig. 3-10c and 3-10d), that is, based on the results of experiment 1 (Fig. 3-4, 
Fig.3-5), the more stable pattern occurred when timing of the more salient tapping for each hand 
was simultaneous compared to that was alternate, independent of direction in external space or 
contraction timing of the homologous muscles. Our results suggested that the stability of 
bimanual two-finger tapping was constrained by timing of the salient point for each hand. 
Synchrony of the higher extent of salience in finger tapping resulted in more stable coordination. 
62 
 
Thus, the present results demonstrated that bimanual finger-tapping coordination was in 
accordance with the relative-salience hypothesis.
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Chapter 4 
Effect of salient phase in movements on the constraint in interpersonal finger 
tapping coordination 
 
4-1 Introduction 
 
In movements performed by multiple persons, such as dancing, interpersonal coordination 
plays a very important role. Previous studies has examined that both intrapersonal and 
interpersonal coordination of cyclical movements showed two stable patterns (i.e., the relative 
phase was 0º and movements in a symmetric pattern; the relative phase was 180º and 
movements in a parallel pattern) (Richardson et al. 2008; Schmidt et al. 1990). Compared to 
intrapersonal coordination, the variability of interpersonal coordination was much greater and 
the strength of movement coupling between limbs was weaker in interpersonal coordinated 
tasks than intrapersonal coordination (Black et al. 2007; Schmidt et al. 1998). 
Mechsner and his colleagues had claimed that the predominant constraint affecting 
interlimb coordination was the perceptual-cognitive constraint and proposed relative salience 
hypothesis to explain the stability of interlimb coordination (Mechsner et al. 2001; Mechsner 
2004a, b; Muraoka et al. 2016). In the relative-salience hypothesis, when two cyclical bimanual 
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movements are concurrently performed, if a “single” point in each movement is perceptually 
conceived of as most salient (c.f. “anchoring” (Byblow et al. 1994; Jirsa et al. 2000; Maslovat et 
al. 2006; Roerdink et al. 2008)), the salient points of the two movements have a strong tendency 
to go together. Otherwise, other perceptual goal such as symmetry was preferred in concurrent 
two movements. In Chapter 2 and Chapter 3, I applied the relative salience hypothesis to 
different bimanual coordinated tasks to evaluate the effect of relative salience in movements on 
the constraint in coordination stability. In this chapter, the relative-salience hypothesis was 
tested for interpersonal finger tapping coordinated tasks to examine whether the hypothesis 
could equally explain the constraint of interpersonal coordination.
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4-2 Methods 
 
Participants 
Eight right handed participants (four males and four females, aged 20-29) with no history 
of neurological disorder or movement deficits volunteered to participate in this study. All the 
participants were fully informed about the purpose and procedures of the study and signed a 
written consent form. The study was approved by the Human Research Ethics Committee of 
Waseda University. 
 
Task 
Eight participants were grouped into four pairs. Each pair of participants sat side-by-side in 
front of a table and only used one hand, the inside hand in each task (Kodama et al. 2015) (Fig. 
4-1). Based on the results of the Chapter 3, finger combinations were as followed: IM & MI, 
MR & RM, IM & RM, MR & MI (the former in each task [e.g., IM in the task of IM & MI] was 
a finger combination for the participant on the left side) (Fig. 4-2).
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Procedure 
    Instructions for the participants were the same as in experiment 1 of Chapter 3 (Chapter 
3-2). The procedure of this experiment was similar as the experiment 2 of Chapter 3 (Chapter 
3-3), the difference was each participant only used one hand (the inside hand) in each task. Then 
the participants switched the seat positions, so the participant using the right hand used the left 
hand and the participant using the left hand used the right hand. The data of these two 
combinations were separately analyzed. 
Each task included four kinds of coordination movements (i.e., two different right arm 
postures and two patterns of synchronization) (Fig. 4-2A-D). A few familiarization trials for 
each coordinated task were provided so that participants could know the frequency of 
movement at 2 Hz. The experimenter needed to check the movement frequency after each trail 
and if necessary gave instruction to participant (e.g., move a little slower or faster). Each trial 
consisted of 21 cycles (i.e., 21 taps for each finger) and participants performed each trial 3 times 
with a randomized order. 30-60 s of rest was provided between trials. 
 
Data analysis 
Data analysis was the same as in experiment 2 of Chapter 3 (Chapter 3-3). The stability of 
interpersonal two-finger tapping coordination was evaluated by utilizing the standard deviation 
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of relative phase between the movements of right and left fingers (from each pair of 
participants) (SDФinter). The relative phase (Фinter) was calculated using the data on the 
difference of tapping onset of right hand and left hand and the tapping time of right hand was 
regarded as the benchmark. When the Фinter in a cycle deviated more than 90º from the 
prescribed relative phase. I considered the phase transition occurred in that movement cycle. 
The SDФinter was calculated by using the data from 2
nd to 21st cycles for each trial or from the 
cycle before the transition of right hand movement. SDФinter was averaged for each condition 
and for each participant. Subsequently, data on SDФinter was submitted to a two-way analysis of 
variance (ANOVA) with repeated measures using the timing of salient point (simultaneous vs. 
alternate) for each hand, and movement direction in external space (mirror vs. parallel). The 
difference was considered significant if the p value was less than 0.05. Values were presented as 
means ± SD. 
 
 
4-3 Results 
 
Fig.4-5 showed an example of pressure recordings in interpersonal tapping movement. For 
all finger combinations, statistical analysis revealed that there was no significant difference in 
71
?
????????????????????????????????????????????????????????????????????????????????????????????????
??? ?????? ??????????? ???????? ??? ???? ??????? ??????? ?? ????? ???? ??????? ?? ?????? ????????????? ???
??????? ???? ????? ???????? ??? ??????????? ????????? ????? ????????????? ?????? ????????????? ??? ??????
?????? ??????????? ????????? ???? ????? ????? ??????????? ????????? ????????? ????? ??????????? ?? ??????
????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????? ????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????????
????????????????
?
?
?
?
?
???????? ??? ???????? ??? ????????? ??????????? ??? ?????????????? ???????? ????????? ????????? ???? ????????
?????????????????????????????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????
?
72
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
?
??????????????????????????????????????????????????????????????????????????????????????????????????????????
???? ??????? ???????? ??? ???? ??????? ???? ????????????? ??? ??????? ???? ????? ???????? ??? ???? ??????? ????
????????????????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????????????
????????????????? ?????????? ??? ??????????? ???? ????????????? ??????????? ???????? ??? ??????????? ????? ??????
?????????????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????????????
73 
 
same compared to that index finger of two hands tapping alternately for both mirror and parallel 
movement directions. (b) Middle and ring fingers of two hands: SDФbi of middle finger of two hands 
tapping simultaneously was a little larger compared to that middle finger of both hands tapping alternately 
for both mirror and parallel movement directions. (c) Right index and middle fingers, and left ring and 
middle fingers: SDФbi of right index finger and left middle finger tapping simultaneously was a little 
smaller compared to that right index finger and left middle finger tapping alternately for both mirror and 
parallel movement directions. (d) Right middle and ring fingers, and left middle and index fingers: SDФbi 
of right middle finger and left index finger tapping simultaneously was smaller compared to that right 
middle finger and left index finger tapping alternately in mirror movement direction 
 
 
4-4 Discussion 
 
The fundamental goal of this experiment was to investigate whether the relative-salience 
hypothesis could explain the constraint of the stability of interpersonal finger coordination. I 
utilized four kinds of interpersonal two-finger tapping tasks without external pacing signals. 
Under all conditions, there was no significant difference in the main effect of the timing of 
salient point or movement direction. These results indicated that interpersonal coordination of 
two finger tapping was constrained differently compared to intrapersonal coordination and there 
was no constraint depending on salience. 
The results of Chapter 3 showed that the extent of salience in finger tapping in the order of 
the highest to the lowest was index, middle, and ring fingers. In bimanual finger tapping 
coordination, the more stable pattern occurred when timing of the more salient tapping for each 
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hand was simultaneous rather than alternate, and the results showed that the stability of 
bimanual two-finger tapping was constrained by the difference in extent of salience between the 
fingers of each hand. However, when performing interpersonal two-finger tapping movements 
with index and middle fingers for two hands, the stability of simultaneous index finger tapping 
was almost the same as alternate index finger tapping of both hands. Also, the same results 
occurred also in other three finger combinations for two hands. In interpersonal tapping 
coordination, the formation of coordination patterns was related to the visual information (Fine 
et al. 2013; Temprado and Laurent 2004). If the timing of salient phase of the other participant’s 
finger tapping movements were utilized as the information, both intra- and interpersonal 
coordination of two finger tapping would show the similar results. However, this experiment 
clearly showed that the result of interpersonal finger tapping coordination were different from 
that of intrapersonal finger tapping coordination. The strength of movement coupling between 
limbs was weaker in interpersonal coordinated tasks compared to intrapersonal coordination 
(Black et al. 2007; Schmidt et al. 1998). The difference in extent of salience between the fingers 
of each hand was only reflected in the participant own movements, and the participant couldn’t 
recognize the extent of salience between fingers of the other person.  
On the other hand, previous studies showed that movement in the same direction (i.e., 
in-phase pattern) was more stable compared to that of different direction (i.e., anti-phase 
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pattern) in interpersonal coordination (Coey et al. 2011; Richardson et al. 2008; Temprado et al. 
2003), but it was not in line with the present study. The range of motion of finger movement is 
small so that index flexion/extension movement of the other’s is almost the same. Thus, 
two-finger tapping performed by the other person was like JMtwoSP so that interpersonal 
two-finger tapping coordination was the coordination between JMsingleSP and JMtwoSP. In this 
situation, other perceptual, such as the symmetry of movements, would determine the stable 
pattern. However, the results showed that the symmetry modes were not more stable compared 
to the asymmetry modes in all finger combinations for two hands. Obviously, participants 
couldn’t perform better at any condition than others so that two finger tapping movements of the 
other participant made little impression in terms of direction. Therefore, the interpersonal finger 
tapping coordination was not constrained by movement direction either. In other words, the 
tapping phase was only point to synchronize two concurrent events, and thus no differences 
were found among conditions. 
Depending on the results of the Chapter 2-4, interpersonal coordination of two-finger 
tapping was constrained differently compared to that of intrapersonal coordination. The 
difference in extent of salience between the fingers of each hand in subjects’ own movements 
was determined in the Chapter 3. Although the results of this study were not ideal, further study 
was also needed to know the difference in the extent of salience between fingers in the other’s 
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two-finger tapping movements, and to examine the psychological meaning of the other person’s 
two fingers tapping.  
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Chapter 5 
General discussion 
 
In the present thesis, utilizing the relative-salience hypothesis proposed by Mechsner 
(Mechsner 2004a, b), I investigated the constraint on the stability of various coordinated tasks in 
order to elucidate the influence of relative salience on interlimb coordination. 
    In the Chapter 2, I examined whether the relative-salience hypothesis could predict the type 
of constraint (i.e., action coupling vs movement direction) for several bimanual coordination 
composed of the same joint movements on both sides or of a different joint movement on each 
side. The results indicated that the stability of bimanual coordination was predominantly 
constrained by coupling of salient points when using two JMsingleSP (joint movement with a 
“single” salient point) and it was predominantly constrained by movement direction when 
coordinating JMsingleSP and JMtwoSP (joint movement with “two” salient points). Thus, the 
relative-salience hypothesis was supported. 
In the Chapter 3, I investigated whether the relative-salience hypothesis could explain the 
constraint of bimanual finger tapping coordination with different finger combinations. Under all 
conditions, the more stable pattern occurred when timing of the more salient tapping for each 
hand was simultaneous rather than alternate independent of direction in external space or 
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contraction timing of the homologous muscles. The results showed that the stability of bimanual 
two-finger tapping was constrained by the difference in extent of salience between the fingers of 
each hand. 
In the Chapter 4, I demonstrated that whether the relative-salience hypothesis could equally 
explain the constraint of interpersonal tapping coordination. Under all finger combinations, the 
results showed that there was no constraint depending on salience in interpersonal coordination 
of two finger tapping.
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5-1 Approach to the research question 
 
In the Chapter 2, I found that index finger flexion/extension and forearm 
pronation/supination had a “single” salient point (JMsingleSP), while the others had “two” salient 
points (JMtwoSP). In terms of timing control, it is plausible that these movements involving 
JMsingleSP are similar to tapping (i.e., a task with event timing) rather than continuous circle 
drawing (i.e., a task with emergent timing) (Ivry et al. 2002; Zelaznik and Rosenbaum 2010). A 
potential mechanism for classifying JMsingleSP and JMtwoSP was provided by Carson and his 
colleagues (Carson 1996; Carson et al. 1999a; Carson et al. 2009). Based on results from 
experiments using index finger flexion/extension or wrist flexion/extension, they suggested that 
the central nervous system preferentially adopted a strategy that minimized the timing error in a 
sensorimotor coordination by accentuating the movement phase with the lowest force 
requirements. I also found that index finger tapping on the beat was more stable than middle 
finger tapping on the beat, middle finger tapping on the beat was more stable than middle finger 
tapping on the beat, for both hands (in the Chapter 3). The performance of sensorimotor 
coordination was more stable when the force requirements are relative lower (Carroll et al. 
2001; Carson and Riek 1998). The lower a force requirement, the less variability that is included 
in a motor command (Harris and Wolpert 1998). Moreover, a single familiarization trail for 
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each synchronization pattern was provided prior to experimental trails rather than specific 
training. Thus, the performance related to the effect of practice was minimized. 
In the Chapter 2-3, I focused on the relative-salience hypothesis applied to investigate the 
constraint in bimanual coordination from a psychological approach. Mechsner and colleagues 
concluded from experiments using bimanual tasks that "voluntary movements are organized by 
way of a representation of the perceptual goals (Mechsner et al. 2001)." 
The stability of bimanual coordination was predominantly constrained by coupling of 
salient points when using two JMsingleSP (joint movement with a “single” salient point) and it was 
predominantly constrained by movement direction when coordinating JMsingleSP and JMtwoSP 
(joint movement with “two” salient points) (in the Chapter 2). The results demonstrate that a 
perceptual goal of bimanual coordination is formulated in accordance with the relative-salience 
hypothesis. The data support the a priori predictions that emanated from the relative-salience 
hypothesis and its description of the stability of bimanual coordination in terms of the 
perceptual goal. 
However, refer to studies using visual feedback wherein visually integrated perception of 
motion was expected to act as a perceptual goal rather than movement direction. At a glance, 
these studies also seemed to provide an a priori explanation for the stability of bimanual 
coordination in terms of its perceptual goal. For example, Kennedy et al. (2016) showed that 
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participants could perform bimanual coordination of elbow flexion/extension, which did not 
show single salient phase in this experiment, at any relative phase difference (e.g., 90˚) when 
utilizing Lissajous feedback comprised of continuously transitioning relative phase goals. Also, 
other studies using visual feedback (Kovacs et al. 2009; Wishart et al. 2002; Pauwels et al. 
2015; Wang et al. 2013) as well as Kennedy's (Kennedy et al. 2016) study showed that bimanual 
coordination is stabilized for an explicitly invented perceptual goal.  
In addition, in the case of the congruent or incongruent finger combinations, the stability of 
bimanual two-finger tapping was constrained by timing of the salient point for each hand. 
Synchrony of the higher extent of salience in finger tapping resulted in more stable coordination. 
Thus, the present results demonstrated that bimanual finger-tapping coordination is in 
accordance with the relative-salience hypothesis which supports our hypothesis (in the Chapter 
3). But for interpersonal coordination, due to the complexity in interactions, interpersonal 
coordination of two finger tapping was constrained differently compared to intrapersonal 
coordination and there was no constraint depending on salience in interpersonal coordination of 
two finger tapping. (in the Chapter 4). 
As mentioned above, the relative-salience hypothesis could be utilized to investigate the 
constraint of various bimanually coordinated tasks. The predictions of our study for bimanual 
coordination from the psychological viewpoint were supported. Though perceptual-cognitive 
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constraint and neuromuscular constraint are not mutually exclusive (Mechsner et al. 2001; 
Muraoka et al. 2016), the salience in movement was regarded to explain interlimb coordination 
from a psychological viewpoint, that is to say purely perceptual. The relative-salience 
hypothesis could be applied only to intrapersonal interlimb coordination, and not to 
interpersonal coordination. A future examination of how more complex multi-limb coordination 
with multi-joint movements is constrained by salience for each multi-joint movement would aid 
in more thoroughly understanding the organization of motor control mechanisms.
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5-2 Application to the performance of sports and music  
 
The application of relative salience in interlimb coordination in the fields of sports and 
music performance was to understand what kinds of exercises and training could improve the 
performance depending on the salient phase in movements, and how this improvement 
expressed at the perceptual-cognitive level. Previous studies have suggested that if the two 
limbs performed two different actions were conceived as a stream of a unified event, the 
constraint of interlimb coordination could be reduced (Swinnen et al. 1997; Franz et al. 2001; 
Mechsner et al. 2001). Therefore, how to make relative saliences in movements preferentially 
go together would be the importance to reduce the interference in interlimb coordination. 
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5-3 Conclusion 
 
I investigated the influence of relative salience on the stability of interlimb coordination. 
As a result, following findings were obtained. 
(1) The relative-salience hypothesis could correctly predict the constraint of a certain bimanual 
coordination composed of the same joint movements on both sides or of a different joint 
movement on each side (joints movements of both forearms) (Chapter 2). 
(2) Using relative-salience hypothesis could well explained the stability of bimanual two-finger 
tapping coordination (fingers tapping movements of both hands) (Chapter 3) and it was 
constrained by the difference in extent of salience between the fingers of each hand 
independent of direction in external space or contraction timing of the homologous muscles. 
(3) There was no constraint depending on salience in interpersonal coordination of two finger 
tapping (Chapter 4).  
(4) The relative-salience hypothesis could be utilized to well investigate the constraint of the 
stability of bimanual coordination in a psychological perspective (Chapter 5). 
 
As the conclusion of this thesis, the stability of bimanual coordinated movement is constrained 
by the difference in the extent of relative salience in movements, which supports Mechsner’s 
claim that spontaneous interlimb coordination can be explained from psychological viewpoint. 
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